



Abstract—This paper presents a novel method for the 
sensorless control of interior permanent-magnet 
synchronous motors. An iterative search strategy based on 
dichotomy is proposed to provide a finite number of rotor 
position angles with good accuracy. These position angles 
are used to calculate the back electromotive force (EMF) in 
d-axis. The optimal rotor position angle is the one that 
yields a back EMF minimizing the defined cost function. 
With the increase of the iterations, the accuracy of rotor 
position angle increases geometrically. To effectively 
extract the back EMF signal under the low-speed condition, 
the high-frequency signal injection method is used to 
realize the low-speed operation of the motor. A hybrid 
control strategy is adopted to achieve the smooth 
switching from the low-speed to high-speed. The 
performance of the proposed method has been validated 
experimentally and compared with that of the conventional 
phase locked loop under different conditions.  
 
Index Terms—Iterative search strategy, permanent 
magnet motors, phase locked loop, sensorless control. 
I. INTRODUCTION 
A. Motivation 
HANKs to the features of high efficiency, high power 
density and fast control response, permanent-magnet 
synchronous motors (PMSMs) have been widely adopted in 
 
 
electric vehicles [1]-[5]. Field-oriented vector control has been 
widely employed to improve the dynamic performance of 
PMSMs. In order to achieve a high-performance control 
system, accurate rotor position and speed information are 
required. However, the installation and use of mechanical 
sensors will not only increase the system cost, volume and 
complexity of the drive system, but also reduce the reliability 
and robustness of the system [6]-[8]. Therefore, a number of 
sensorless control methods have been developed for the 
PMSMs to overcome the disadvantages of installation of a 
position sensor. 
B. Related Research 
The sensorless control uses a certain control algorithm to 
estimate the rotor position and speed by detecting the relevant 
electrical signals in the motor windings. It has attracted much 
attention due to its advantages compared with the conventional 
sensor-based control strategies.  
The PMSM sensorless control technique based on the 
fundamental mathematical model depends on the rotational 
speed related quantities, e.g., the generated back electromotive 
force (EMF), in the mathematical model for the estimation of 
rotor position and speed. Currently, commonly used algorithms 
include sliding mode observer algorithm, model reference 
adaptive control algorithm, extended Kalman filter algorithm, 
and so on [9]-[19]. In this type of control technology, due to the 
simplicity of phase locked loop (PLL), the back EMF-based 
PLL observers have been intensively studied for sensorless 
control technique [20]-[22]. PLL position estimation based on 
conventional sliding-mode observer algorithm has been 
proposed to improve the performance of position estimation 
[21], [22]. Improved methods for estimating back EMF have 
been proposed [23]. The position error signal in a PLL system 
is normally processed by a fixed gain proportional-integral (PI) 
controller to obtain an estimated rotor position or speed [9]-
[23]. However, it requires a large number of tests to tune the PI 
controller. Additionally, a fixed-gain PI controller may not 
guarantee the required dynamic performance due to continuing 
changes of machine parameters, operating conditions and 
nonlinearities in the inverter. In [24], a simplified convex 
optimization-base position estimation scheme has been 
presented for interior permanent-magnet synchronous motor 
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(IPMSM) drives, which can be applied to both high speed and 
low speed operations. It is a creative sensorless control method, 
which essentially solves a cost function with respect to the rotor 
position and speed. 
Research on model predictive control (MPC) provides 
another way to estimate the position information based on PLL. 
The finite control set-model predictive control (FCS-MPC) 
strategy uniformly takes into account the discrete switching 
characteristics of the inverter and the nonlinear characteristics 
of the motor system [25]-[30]. The classical FCS-MPC strategy 
takes the switching signal of the inverter as the control action, 
which is not constrained by the converter modulation strategy. 
During the discrete control period, FCS-MPC solves the open-
loop optimization problem in the finite time domain online 
based on the current output measurement value of the controlled 
object or the observed state variables, while limits the control 
input set to a finite number of switches combination of the 
inverter. It has been widely used in the AC motor drive system 
of matrix converter, multi-level inverter, two-level inverter and 
other converters, which embodies a powerful versatility and 
practicality [31]-[35]. In [15], a novel predictive model 
reference adaptive system (MRAS) rotor speed estimator has 
been proposed for sensorless induction machine (IM) drives 
based on the FCS-MPC principle. It is a creative method for 
sensorless control of IM drive system, which eliminates the 
need for a PI controller in the adaptation mechanism. In [36], a 
similar FCS-PLL method is presented for encoderless control 
of a permanent magnet synchronous generator (PMSG) in 
variable-speed wind turbines, which is innovative for sensorless 
control of PMSGs without fixed-gain PI controller. In [37], a 
MPC with constant switching frequency based on field 
programmable gate array (FPGA) implementation was 
proposed for PMSM control. A dichotomy-based cost function 
optimization algorithm was presented, which can dynamically 
select the optimization output voltage vector in the control 
region in a short time. 
However, the signal-to-noise ratio of back EMF is low when 
the motor runs at zero speed and very low speed. Consequently, 
it is often difficult to extract the relevant electrical signals 
effectively. The dependence on fundamental excitation 
ultimately leads to the failure of such methods to detect rotor 
position and speed at zero speed and low-speed operation. 
In order to obtain accurate rotor position information for all 
speed ranges, the control methods of high-frequency signal 
injection have been adapted. The basic idea is to superimpose a 
high-frequency voltage (or current) signal on the fundamental 
signal and apply it to the winding of the motor [38]-[41]. Thus, 
the corresponding high-frequency current (or voltage) will 
carry the rotor position information, and the current (or voltage) 
signal is extracted through a band-pass filter for proper 
processing to estimate the position of the rotor. Currently, the 
high-frequency signal injection methods commonly used 
mainly include the rotating high-frequency voltage signal 
injection and the pulse high-frequency voltage signal injection. 
As to the rotating high-frequency voltage injection method, it is 
mainly used for the rotor position detection of the IPMSM with 
a large salient ratio [38], [39], while the pulse high-frequency 
voltage signal injection method can be used for the rotor 
position detection of the surface-mounted permanent magnet 
synchronous motor (SPMSM) with a small salient or even 
hidden type [40], [41]. 
Hybrid control strategy in the transition region is necessary 
to combine the low-speed signal injection control method with 
the high-speed finite-position set control method. In [42], a 
hybrid sensorless controller combining the signal injection 
technique and a linearly compensated flux observer was 
proposed, which exhibits high performance over the whole 
speed range including the standstill mode. In [43], a hybrid 
observer structure for deriving the estimated rotor angle was 
presented, which implements a smooth transition from a 
nonmodel-based signal-injection method at low speed to a 
model-based flux observer at higher speeds. 
C. Contributions 
The method of high-frequency rotating voltage injection will 
be applied to estimate the rotor position and speed of the 
investigated IPMSM at low speed in this work. Furthermore, a 
method based on weighting function is used to calculate the 
rotor position and speed in the transition region.  
In this paper, a novel finite position set PLL based on FCS-
MPC is proposed for the sensorless field-oriented control 
(FOC) of an IPMSM, in which the conventional PLL with the 
fixed-gain PI controller is replaced by the proposed PLL. The 
main contributions of this paper are listed as follows. 
1) An iterative search strategy based on dichotomy is 
proposed to give a finite number of rotor position angles 
with reasonable accuracy, which are used to calculate 
back EMF in d-axis. The rotor position angle, whose 
value of back EMF minimizes the defined cost function, 
is chosen as the optimal rotor position angle. Then, the 
change in the rotor position over the sampling time is 
calculated to compute the rotor speed. Compared with 
existing search strategy, the proposed method requires a 
smaller computational burden. 
2) A method based on weighting function is used to 
calculate the rotor position and speed in the transition 
region, which is applied to compensate and expand the 
high-speed sensorless control based on finite position set, 
and realize the combination with low speed control. 
D. Paper Organization 
The remainder of this paper is organized as follows. Section 
II describes the motor model and presents the method of high-
frequency rotating voltage injection for sensorless control of 
IPMSM at low speed. In Section III, the structure of the 
conventional PLL is presented and the proposed PLL method 
based on the feature of FCS-MPC is introduced for sensorless 
control of IPMSM at medium and high speed. Section IV 
presents the hybrid control strategy in the transition region. The 
experimental results for the proposed PLL and hybrid control 
strategy are presented in Sections V and VI, respectively, 
followed by the conclusion. 
 
 
II. LOW-SPEED MODELING AND CONTROL OF IPMSMS  
 
The nonlinear dynamic model of IPMSMs in dq-axis 
reference rotor frame can be described as  
 .
+
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The flux linkage equation is 
=        
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where usd,, usq, isd,, isq, Ld, and Lq are the d- and q-axis  
components of the stator voltage, current, and inductance in the 
rotor reference frame, respectively. Rs and ψf are the stator 
resistance and the magnetic flux of the IPMSM, respectively. 
ωe is the electrical angular speed of the rotor. 
Transforming (1) to the stationary reference frame as follows 
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The flux linkages can be described by the stator current-
related term and the rotor permanent magnet-related term as 
follows. 
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When the frequency of voltage injection signal is much 
higher than the fundamental frequency, the voltage drop of the 
stator resistance can be ignored. The permanent magnet-related 
terms and speed-related terms can be neglected as well because 
they are low frequency terms and hence their influence will be 
eliminated by the bandpass filters. 
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where
T
* * s h s hu u     and
T
* * s h s hi i     are the injected high-
frequency voltage and the corresponding current in the 
stationary reference frame, respectively. The injected high-
frequency voltage signal can be described as (8), where Vin and 
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From (7) and (8), the induced high-frequency currents can be 
described as  
*
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  (9) 
Because only the second current component of the high-
frequency current contains rotor position information, the 
heterodyning demodulation process can be utilized to filter out 
the first current component to extract the rotor position 
information. As shown in Fig. 1, the induced high-frequency 
currents are respectively multiplied by the sine and cosine 
functions and subtracted. By deriving, the frequency of the first 
current component in the current difference is converted to 2ωin 
while the frequency of the second current component is 
converted to 0. Then with a simple derivation, the rotor position 
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where θe and θr represent the actual rotor position and the 
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Fig. 1.  Block diagram of the heterodyning demodulation process. 
III. HIGH-SPEED MODELING AND CONTROL  
When the motor runs at low speed, the signal-to-noise ratio 
of useful signals is very low and high-frequency signal injection 
is an effective method to extract the location information. 
However, this method is not suitable for high-speed sensorless 
vector control of IPMSM. Hence, a new control strategy for 
finite position set-PLL is proposed for the high-speed position 
sensorless control.  
A high-performance vector control scheme for IPMSMs can 
be implemented in the synchronously oriented rotating frame, 
which contains the rotor position information. 
Substituting (2) into (1) yields 
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where ωm is the mechanical angular speed of the rotor, pn the 
number of pole pairs, v viscous friction coefficient, and J the 
overall rotor inertia. Te and TL are the electromagnetic torque 

















Fig. 2.  Space vector diagram of a permanent-magnet flux-oriented 
reference frame. 
 
Fig. 2 shows the space vector diagram of the expected 
permanent flux linkage in the ψf oriented γ-δ reference frame 
and the sensorless estimated d-q reference frame. The two 
reference frames are assigned to rotate at the actual and 
estimated electrical angular velocities of ωe and ωr, respectively. 
From (11), it can be seen that the ideal d-q model in the 
synchronously rotating reference frame cannot be utilized for 
sensorless control for lacking rotor position information. As 
shown, θe and θr are the actual and estimated position angles, 
respectively. And the estimated rotating d-q frame lags by Δθ 
from the γ-δ reference frame. The mathematical model in the 
estimated rotating d-q reference frame is derived as follows. 
+
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where εsd and εsq are the back-EMF components, which contain 
many trigonometric terms function of the error between real and 
estimated rotor position. In order to simplify the expression of 
the back-EMF terms, the effects due to saliency are ignored 
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(14) 
When the d-axis is aligned with the γ-axis, the d-axis back 
EMF Esd can be assumed as zero. For a small error between θe 
and θr, it can be considered that Esd=Δθ. Accordingly, Esd can 
be used to indicate whether or not the d-axis is aligned with the 
permanent magnet flux linkage ψf. Hence, the backward Euler 
method with sampling time Ts is utilized to discretize the 
mathematic model of the IPMSM as (15). 
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where k is a discrete sample time index. From (15), Esd and Esq 
can be obtained as 
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    (16) 
Accordingly, the estimated rotor position θr is used for the 
transformation of the voltages and currents signals from α-β 
frame to d-q frame. Then the transformed d-q axis voltages and 
currents are substituted into (16) together with the machine 
parameters to calculate the d-axis back EMF Esd synchronous 
with the estimated rotor position. The closer Esd is to zero, the 
more accurate the estimated rotor position.  
In the conventional PLL as illustrated in Fig. 3, the estimated 
back EMF Esd is fed back and subtracted from the reference 
value E
* 
sd = 0 to obtain the estimated error Δ𝐸sd = 𝐸sd − Esd
* , 
which is sent to the PI regulator to derive the compensation term 
Δω. Meanwhile, the q-axis component Esq calculated from (16) 
is used to derive the normalized feed-forward term by using 
 
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Fig. 3.  Block diagram of the conventional PLL based on sensorless 
observation. 
 
However, a fixed-gain PI controller may not guarantee the 
required performance due to continuing changes of machine 
parameters, operating conditions and nonlinearities in the 
inverter. Fortunately, the proposed PLL method for sensorless 
control strategy can cope with such problems. Fig. 4 illustrates 
a block diagram for the proposed PLL. The idea of this PLL 
stems from the FCS-MPC. During the discrete control period, 
the FCS-MPC solves the open-loop optimization problem in the 
finite time domain online based on the current output 
measurement value of the controlled object or the observed 
state variables, while limits the control input set to a finite 
number of switch combinations of the inverter. The complex 
optimization problem corresponding to the value function is 
transformed into an integer programming problem, and the 
switching state that minimizes a predefined cost function will 
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Finite set of rotor positions 
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Fig. 4.  Block diagram of the proposed PLL for sensorless control of 
IPMSM. 
 
In order to obtain the optimal rotor position from a finite 
number of rotor positions, a cost function is formulated to 
evaluate the fitness of each position angle as (18). Furthermore, 
considering that the rotor position angle varies continuously 
from 0 to 2π while the inverter has discrete switching states, an 
iterative search strategy based on dichotomy is proposed to 
discretize rotor position angles to obtain a finite number of 
positions. The flowchart of the proposed search algorithm is 
illustrated in Fig. 5. 
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Fig. 5.  Flowchart of the proposed iterative search algorithm. 
 
The algorithm starts by reading the actual values of the 
currents isd,q(k) and voltages usd,q(k). Then the initial rotor angle 
θ 
in 
r (k)=0 and initial cost function value f 
in =+∞ are defined. In 
order to obtain the optimal rotor position angle, dichotomy is 
used for ten iterations to approximate the optimal angle as 
shown in Fig. 6, which includes six main steps as follows. 
 
 1 1 =0r ， 1 2 =r ，
=0inr
 1 1 =0r ，











































Fig. 6.  Graphic representation of the first three iterations of the proposed 
iterative search strategy. 
 
Step 1: Sample current and voltage data and initialize the 
position angle and the cost function. 
Step 2: Divide the angle from 0 to 2π rad into two equal parts, 
thus two discrete angles for the rotor position will be generated: 
θr(1, 1)=0, θr(1, 2)=π rad. [see Fig. 6(a)]. 
Step 3: Use these two position angles to calculate back EMF 
Esd(i, j). The rotor position that can yield a smaller absolute value 
of the back EMF is chosen as a relative optimal rotor position 
angle. Assume the relative optimal rotor position angle is θr(1, 1). 







π, which are used for next iteration to obtain a relative 
optimal position angle with higher precision improved by a 
factor of 2. [see Fig. 6(b)]. 
Step 5: Use the three position angles θr(2, 1) , θr(2, 2) and θr(1, 1) 
to calculate back EMF Esd(i, j). The rotor position that yields the 
minimal back EMF is chosen as the new relative optimal rotor 
position angle. 
Step 6: Complete ten iterations to obtain the final optimal 
angle as the output. 
Accordingly, the proposed iterative search algorithm 
converges to the optimal rotor position angle with the increase 
of iterations. The obtained optimal rotor position angle after ten 
iterations can hold an accuracy of π×2−10. Hence, the estimated 
rotor angle obtained by the proposed PLL method has 
sufficiently high precision. It needs to complete the calculation 
of fitness function values corresponding to 20 discrete position 
angles. Compared with the proposed search method, the search 
method proposed in [15] and [36] needs to calculate the fitness 
function corresponding to 48 discrete position angles to hold 
the same position accuracy. Therefore, the proposed search 
strategy requires a smaller computational burden. 
After obtaining the optimal rotor position angle, the 
estimated rotor speed ω can be calculated with the backward 
Euler method as  
 
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A low pass filter (LPF) is used to filter out high-frequency 
signals caused by angle switching and obtain the rotor speed 
signal ωr as illustrated in Fig. 4. 
Compared to the conventional PLL based on sensorless 
observation, the main advantage of the proposed PLL method 
is that there is no need to tune the parameters of the PI controller. 
It directly searches for the rotor position angle; therefore, the 
algorithm can be extended to other types of machines for angle 
determination. However, the problem with this approach is that 
all calculations need to be completed in one cycle. 
Consequently, it is necessary to determine that the sampling 
period is greater than the time required to execute the algorithm 
and control. Since the rotor position angle of the algorithm 
output is selected from the finite set positions instead of the 
actual position angle, the estimated angle contains ripples, and 
the magnitude of the ripples depends on the accuracy of the 
algorithm. As shown in Fig. 5, if the number of algorithm 
iterations increases to 12, the accuracy error of the proposed 
PLL method can be reduced to be π×2−12 rad, much smaller than 
the error of the algorithm with 10 iterations.  
Consequently, the ripples in the estimated rotor position 
angle will be remarkably reduced. Meanwhile, the speed of 
algorithm calculation is more demanding. 
Furthermore, the mechanical variable is assumed to be 
constant within one mechanical cycle. Therefore, the number of 
the algorithm iterations that satisfies certain accuracy 
requirements will be remarkably reduced when the search is 
executed near the previous relative optimal position angle.  
IV. HYBRID CONTROL STRATEGY IN TRANSITION REGION 
When performing high and low-speed control, it is necessary 
to switch between the two algorithms, and an appropriate 
switching strategy is necessary. If the switching method is not 
appropriate, it will cause a current surge at the moment of 
switching. In a more serious situation, the switching will fail 
and the motor will lose synchronization. In this paper, the 
switching process is divided into two phases; the first phase is 
the transition of angle and speed, and the second phase is the 
transition of injection voltage. 
First, the position signals obtained by the two speed control 
methods are weighted as follows.  
 1 2= + 1r r r                                   (20) 
where θr1 and θr2 represent the estimated rotor position angles 
by the two speed control methods, respectively. θr is the mixed 
angle signal and λ is the weighting factor, which is defined by 
the upper and lower limits of the rotor speed in the transition 
region as (21) 
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where ωL and ωH are the upper and lower limits of the rotor 
speed in the transition region, respectively. 
As expressed in (20), when the rotor speed is greater than ωL 
and lower than ωH, the hybrid control strategy is carried out 
during the transition region. A mixed rotor position angle signal 
is obtained by the weighting function. 
When the motor accelerates up to ωH, the first phase ends and 
the second phase begins, in which the rotor angle is obtained 
only by the proposed PLL method. However, the injection 
voltage still exists, and its sudden change in the injection 
voltage inevitably causes motor jitter, which affects the 
smoothness of the switching process. In order to avoid sudden 
changes in the injection voltage, a speed-based ramp function 
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where ωV0 is the rotor speed when the injection voltage is zero. 
Since the action time of the voltage ramp is the end of the 
transition region, the rotor position and speed are obtained by 
the proposed PLL method at this time. Therefore, the 
identification accuracy at low speed is not affected. 
V. EXPERIMENTAL RESULTS 
In order to validate the system performance with the 
proposed PLL method, comparisons between the proposed PLL 
scheme and the conventional PLL method have been carried out 
through several experiments. The experimental setup is shown 
in Fig. 7. The test bench consists of an IPMSM (REMY 
HVH250 motor used for EVs), a torque sensor, and a magnetic 





 A:Host computer     B:dSPACE              C:DC-power      D:Inverter  
 E:PMSM                  F:Torque sensor      G:Magnetic powder brake 






Fig. 7.  Experimental setup used to verify the purposed PLL method. 
 
The proposed control scheme is implemented in a dSPACE 
1007 test bench. The experimental measurements are exported 
from the dSPACE platform to MATLAB and plotted. The 
IPMSM and system parameters are listed in Table I. 
Since conventional heterodyning demodulation process is 
adapted for the zero speed and low-speed ranges, the analysis 
focuses on the proposed PLL control in the high-speed range 
and hybrid control strategy in the transition region. In this paper, 
the mechanical speed operation range is selected from 100-
1500 rpm to present the performance of the proposed observer 
in medium and high speeds. Due to the large amount of 
calculations required, the execution time of the sensorless 





IPMSM AND SYSTEM PARAMETERS 
Parameter Symbol Value 
No. of pole pairs 𝑃 5 
Stator resistance 𝑅𝑠 0.18 Ω 
d-axis inductance 𝐿𝑑 0.174 mH
 
q-axis inductance 𝐿𝑞 0.29 mH 
Permanent-magnet flux linkage ψf 0.0711 Wb 
Inertia J 0.067 kgm2 
Rated speed N 2000 rpm 
Rated power 𝑃𝑁 60 kW 
A. Comparisons under steady state condition 
Fig. 8 shows the steady-state performance of the proposed 
PLL method and the conventional PLL method. The reference 
mechanical speed ωm of the rotor is set to 1000 rpm. From top 
to bottom, the plotted signals are estimated speed ωr, error 
Δω=ωe-ωr between the actual and estimated rotor speeds; error 
Δθ=θe-θr  between the actual and estimated rotor position 
angles. As shown, the traditional PLL method produces about 
2.4 rpm speed error and 0.022 rad position angle error under 
steady state condition, while the speed and position angle error 
with the proposed PLL method are 2.8 rpm and 0.028 rad. 
Therefore, the proposed novel method produces slightly larger 
ripples in the estimated position and speed than conventional 
PLL method. The slowness of response resulting from the 
particular tuning of the standard PLL can be the reason for the 
reduced ripple in the position and speed estimations when 
compared with the proposed PLL. However, such ripples are 
still acceptable and the ripples can be further attenuated by 
increasing the number of algorithm iterations as analyzed in 
section III.  
 
(a)                                                   (b)                           
Fig. 8.  Experimental performance at steady state: (a) conventional PLL, 
and (b) proposed PLL. 
B. Comparisons under reference speed step change 
condition 
In order to compare the dynamic response of the two methods 
under step changes in the rotor speed, the dynamic response of 
them is shown in Fig. 9. As can be seen, two step changes in the 
reference mechanical speeds of the rotor from 1000-1500 rpm 
and 1500-1000 rpm have been applied to the system at time 
instant t1 =0.7s and t2 =1.3s, respectively. The maximum speed 
error Δω with the conventional PLL is 30 rpm, while that with 
the proposed PLL is 18 rpm. With the step changes at t1 and t2, 
it respectively takes 0.24 s and 0.2 s to bring the speed error Δω 
closer to zero with the traditional PLL method, while the 
proposed novel method takes 0.11 s and 0.09 s to make the 
speed error closer to zero. Additionally, the rotor position angle 
error Δθ using the traditional PLL method maintains a certain 
error of -0.16 rad, while that of the proposed PLL method 
converges to zero with little time. Consequently, the transient 
performance of the proposed PLL method is better than that of 
the conventional PLL. It can be further observed that the error 
is larger than the error analyzed in Section Ⅲ, which is the 
result of non-model dynamics of the machine, inverter 
nonlinearities, and harmonics in the back EMF. Despite of the 
errors caused by the above reasons, the accuracy of the 
algorithm is still acceptable. 
 
 (a)                                                   (b)                           
Fig.9.  Experimental performance under reference speed step changes 
condition: (a) conventional PLL, and (b) proposed PLL. 
C. Comparisons under load torque step change 
condition  
In order to compare the dynamic response under step changes 
in the load torque TL, the dynamic response of the two methods 
are shown in Fig. 10. At the time instant t1 =0.7s and t2 =1.3s, 
two step changes in the load torque from 20-40 Nm and 40-20 
Nm have been applied to the system. As shown, compared with 
the traditional PLL method, the proposed PLL method 
maintains a better dynamic performance. The traditional PLL 
method takes about 0.2 s and 0.18 s to minimize the speed error 
when the step changes in the load torque are applied to the 
system. The proposed method takes 0.1 s and 0.9 s to achieve 
the speed error close to zero. Meanwhile, the traditional PLL 
method produces an error of -0.21 radian in position angle, 
while the steady state position angle error of the novel method 
is about -0.05 radian. Consequently, the performance of the 
proposed PLL method is much better than that of the 






(a)                                                   (b)                         
Fig. 10.  Experimental performance under load torque step changes 
condition: (a) conventional PLL, and (b) proposed PLL. 
D. Robustness analysis 
The robust analyzes of the proposed PLL method and the 
conventional one are investigated. The experimental 
performance for ±50% step changes in the stator resistance and 
d-q axis inductances is presented in the Figs. 11-13, 
respectively. In the test, the machine runs at 1000 rpm and no-
load in sensorless mode operation. As shown in Fig. 11, the step 
changes in stator resistance produce smaller errors in both speed 
estimation and position estimation with the proposed FCS-PLL 
method compared with that in the case of the conventional PLL 
method. According to Figs. 12 and 13, in the sensitivity test of 
both methods to inductance parameter changes, the proposed 
method shows better performance with less oscillation in both 
speed estimation and position estimation, while the drive 
system loses stability in the case of the conventional PLL 
method for the same level of inductance changes. 
 
(a)                                                      (b)                        
Fig. 11.  Experimental performance under stator resistance change 




(a)                                                    (b)                         
Fig. 12.  Experimental performance under d-axis inductance change 
operation: (a) conventional PLL, and (b) proposed PLL. 
 
(a)                                                    (b)                        
Fig. 13.  Experimental performance under q-axis inductance change 
operation: (a) conventional PLL, and (b) proposed PLL. 
E. Experimental results under other operation 
Fig. 14 illustrates the experimental tests during zero and low 
speed region, field weakening region, speed reverse operation, 
and regeneration mode. In the zero and low speed region, high-
frequency rotating voltage injection is applied to estimate the 
rotor position and speed. The frequency selection of the injected 
high-frequency voltage needs to consider some factors, 
including the maximum fundamental frequency, the current 
loop bandwidth, and the switching frequency of the power 
device. In engineering applications, the frequency of the high 
frequency voltage is selected as 5δ≤ω1≤
ωsw
10
, where δ  is the 
bandwidth of the current loop, ωswis the switching frequency of 
the power device. The amplitude of the high-frequency voltage 
is limited by the nonlinearity of the inverter and the accuracy of 
the current sensor. The amplitude of the high-frequency voltage 
is selected as Vin≥
Ifω1LdLq
10Ldif
, where If  is the amplitude of the 
fundamental current. However, the amplitude of the injected 
high-frequency voltage should not be too large, because the 




It can be observed that high-frequency rotating voltage 
injection can guarantee the stability of the sensorless control 
during zero and low speed region. Since the voltage injection 
method is applied at zero low speed, the low speed region of the 
speed reversal operation still adopts this method, and the 
experimental performance of the high and low speed switching 
region is given in Fig. 15. Under speed reverse operation, a step 
change in the reference speed from -100 to 100 rpm has been 
applied to control system. Again, the rotating voltage injection 
yields a good performance with little position error. 
Due to the DC-link voltage limitation,  isd=-3A has to be 
imposed for flux-weakening. The proposed FCS-PLL still 
maintains good experimental performance in field weakening 
region. Under regeneration mode, the reference speed is set to 
-1000 rpm, the proposed method yields consistent performance 
as the drive mode. 
 
Fig. 14.  Experimental performance under other operation condition: (a) 
zero and low speed region, (b) field weakening region, (c) regeneration 
mode, and (d) speed reverse operation. 
 
Fig. 15 shows the dynamic response of the FOC scheme of 
the IPMSM using the hybrid control strategy when the motor is 
accelerated from standstill to rated speed under rated load 
conditions. From top to the bottom, the plotted signals are 
estimated speed ωr; error Δω=ωe-ωr between the actual and 
estimated rotor speeds; and error Δθ=θe-θr between the actual 
and estimated rotor position angles. The upper limit of the rotor 
speed ωH in the transition region is selected as 100 rpm, while 
the lower limit of the rotor speed ωL is chosen as 200 rpm. As 
shown, the maximum error Δω is about 30 rpm and the error Δθ 
is no more than 0.5 rad during the acceleration process, which 
indicates that the proposed hybrid control strategy can achieve 
smooth switching between the two speed sensorless control 
algorithms. 
 
Fig. 15.  Experimental performance in the transition region with the 
proposed PLL. 
CONCLUSION 
This paper presented an iterative search strategy based on 
dichotomy for the sensorless control of IPMSMs. The optimal 
rotor position angle was obtained by calculating and comparing 
the fitness function corresponding to the finite position set. The 
new method has the advantage of being able to maintain good 
performance under the steady-state condition and significantly 
reducing speed and angular oscillations as well as oscillation 
time under transient condition. Meanwhile, this method obtains 
rotor position information through direct calculation, avoiding 
the defect of delay caused by the inertia link of the traditional 
PLL. This helps improve the accuracy and dynamic 
performance of the control system. Furthermore, the 
performance of the motor with the hybrid control strategy is 
stable under transition condition. The motor speed and angular 
error are acceptable during the entire acceleration process. The 
sensitivity analysis has been provided to demonstrate the 
superiority of the proposed PLL. Detailed analysis to verify the 
proposed PLL method and the switching strategy was shown in 
the experiment results.  
It should be noted that the accuracy of the position signal 
obtained by the iterative strategy is directly related to the 
number of iterations, the increase of which is bound to cause an 
increase in the computational load. Therefore, it is necessary to 
study the relationship between the accuracy of position signal 
and the calculation load. Additionally, compared with the 
convex optimization-based sensorless scheme in [24], the 
proposed FCS-PLL method is only suitable for medium and 
high speed sensorless control. However, the proposed search-
based strategy based on dichotomy can obtain high-precision 
position angles from finite positions set as the number of 
iterations increases, which takes less execution time. In future 
work, the convex optimization-based sensorless method will be 
investigated to achieve better full speed sensorless control 
 
 
based on the FCS-PLL method. Further, the proposed method 
will be researched based on the DSP and FPGA. 
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